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To understand the relationship between air−water interfacial rheological properties and 
foam properties in sulfate ester and sulfonate type anionic surfactant aqueous solutions 
definitely, the correlation of air−water interfacial dilational viscoelastic moduli (E) and 
foam stability was investigated using single and mixed aqueous solutions of sodium 
alkylsulfates (ASs) with one linear carbon chain and sodium 
bis(2−ethylhexyl)sulfosuccinate (AOT) with two branched carbon chains. Furthermore, 
the addition effect of very low concentration of polypropylene glycol (PPG) on foam 
properties was evaluated. 
In this study, the author mainly disclosed the following three points. 
1. Single AS aqueous solutions showed the maximum value of air−water interfacial 
dilational viscoelastic moduli (Emax) at the decreased concentration and Emax increased 
as carbon number increased in a hydrophobic chain. On the other hand, single AOT 
aqueous solutions deviated from the tendency observed for ASs and showed low Emax 
at a lower concentration than single AS aqueous solutions. In addition, the relations 
of “dynamic surface tension and foamability” and “Emax and foam stability” were 
demonstrated. (Chapter 2) 
2. In mixed aqueous solutions of AOT and ASs with carbon number of 14 or less, E was 
determined by the constituent concentration of AOT. In sodium n−hexadecylsulfate 
aqueous solution, E was reduced by mixing with AOT, which induced the effective 
foam destabilization. (Chapter 3) 
3. The addition of PPG had a great influence on air−water interfacial rheological 
properties of the AOT aqueous solution. The addition of very low concentration of 
PPG (1 × 10−9 wt%) effectively stabilized the foam of AOT aqueous solution. (Chapter 
4)  
Based on these results, the author concludes that foam properties of AS aqueous 
solutions can be effectively controlled by the addition of AOT, and the addition of very 
low concentration of PPG is very powerful for foam stabilization of the AOT aqueous 
solution. The findings obtained in this study will largely contribute to the development of 










1. 直鎖 AS 単独⽔溶液は、疎⽔基の炭素数が増加するにつれて、より低濃度で気−液界⾯
粘弾性率の最⼤値（Emax）を⽰し、その値は増加した。⼀⽅、AOT 単独⽔溶液は、直鎖 
AS で観察された傾向から逸脱し、より低濃度でより低い Emax を⽰した。さらに、動的
表⾯張⼒と起泡性、Emax と 泡安定性が互いに相関することを⽰した（第⼆章）。 
2. AOT と AS の混合⽔溶液の気−液界⾯粘弾性率は、炭素数 14 以下の ASs では、AOT 
の成分濃度によって決定されていた。また、炭素数 16 の AS ⽔溶液は、AOT との混
合により気−液界⾯粘弾性率が低下し、泡沫が効果的に不安定化されることを⽰した（第
三章）。 
3. PPG の添加は、AOT ⽔溶液の気−液界⾯レオロジー特性に⼤きな影響を与えた。極低濃
度（1 × 10−9 wt%）の PPG の添加により、AOT ⽔溶液の泡沫は効果的に安定化され
ることを⽰した（第四章）。 
 
この研究により、 AS ⽔溶液の泡沫特性は AOT との混合により制御できること、および






The studies of this thesis were carried out under the guidance of Professor 
Setsuko Yajima at Graduate School of Systems Engineering, Wakayama University. 
The objective of these studies is to develop a reliable method for precise foam 
control of sulfate ester and sulfonate type anionic surfactant aqueous solutions based on 
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Chapter 1: General Introduction 
  
Section 1−1: Background 
Foaming is a familiar phenomenon that occurs frequently in nature due to the 
presence of amphipathic molecules such as surfactants [1]. Foam has physical 
characteristics such as large surface area and excellent fluidity, and is utilized in various 
applications based on these physical characteristics. Foams generated using surfactants 
are involved not only in almost all industrial fields (food processing, papermaking, 
pharmaceuticals, and fire extinguishing, etc.), but also in detergents that are used in 
everyday life. On the other hand, as generation of excessive foam leads to the decrease in 
rinsing efficiency and mechanical troubles, it is often considered as an annoying matter 
in these industrial fields. To address the unwanted phenomenon, a lot of studies have been 
carried out for control of foam property [2−8]. However, it has been very difficult to 
accurately understand and completely control the characteristics because foam state 
constantly changes over time due to its thermodynamic instability. In addition, foaming, 
foam suppression, and defoaming are complicatedly related to various physical properties 
such as dynamic surface tension, surface rheology, liquid phase viscosity, and separation 
pressure. For the reason, problems about foam are still dealt with based on individual 
experience in various industries. Many researchers have conducted research on foam, but 
these findings are not yet sufficient to control foam properties comprehensively in various 
environments. Therefore, there are great needs to deepen the understanding of foam 
properties such as foamability and stability and to control the properties in a reproducible 
manner. The author believes that the finding of chemical and physical factors that 
determine the characteristics of foam will lead to the development of industry and living 
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Section 1−2: General Techniques for Foam Control 
1−2−1 Overview 
Foam is a thermodynamically unstable and non−equilibrium disperse system 
formed by the assembly of bubbles which enclose gas in a liquid film. A schematic 
diagram of foam structure separating air bubbles is shown in Figure 1.1. A fresh air−water 
interface is formed by physical forces such as shaking or stirring in the aqueous surfactant 
solution. The air−water interface is stabilized by the adsorption of surfactants and then 
thin films containing the aqueous solution are formed, which leads to bubbles. Therefore, 
the adsorption rate of surfactants to the air−water interface is related to foaming property. 
Rosen et al. clarified the relationship between the surface tension reduction rate and 
foamability using a series of nonionic surfactants with different hydrophilic−hydrophobic 
balance (HLB) [8]. Furthermore, the stability of foam is strongly affected by phenomena 
such as flowing down in the liquid film, drainage, evaporation, and destruction of the 
liquid film, and these phenomena are closely related to rheological properties such as 
surface viscoelasticity and viscosity of liquid. Therefore, studies on the control of foam 
properties focusing on dynamic surface tension and interfacial rheological properties have 
been actively conducted for a long time. In fact, there are various methods to control foam 
properties of aqueous surfactant solutions. This section describes several major methods 







Figure 1.1. (a) Photograph of foam, (b) micrograph of bubbles, and (c) schematic diagram 






1−2−2 Mixing of Surfactants  
When surfactants having different type of charges in the hydrophilic group are 
mixed in a proper ratio, the surface activity is remarkably improved due to the charge 
shielding, which induces various effects such as the reduction of critical micelle 
concentration (cmc) and the improvement of packing property in the adsorption film. The 
fast reduction of surface tension is due to the increased micelles near the air−water 
interface (Figure 1.2). Based on these facts, there have been many reports that 
significantly improved foamability and foam stability by mixing surfactants having 
different type of charge [9−13]. For example, Arnould et al., reported that the foam 
stability could be adjusted by mixing choline hydroxide (cationic surfactant) with 
myristic acid (anionic surfactant) [14].  
 
 




1−2−3 Addition of Metal Salts 
Electrostatic repulsion between charged hydrophilic groups of surfactants is 
significantly suppressed by the addition of monovalent or divalent metal salts. This 
method provides the similar effect to the mixing of surfactants having different type of 
charge described in the section 1−2−2. The foamability of an anionic surfactant such as 
sulfate ester and sulfonate type are generally improved by adding Na, Mg, and Ca salts at 
a specific ratio that does not form a precipitate (Figure 1.3) [15, 16]. Furthermore, as a 
recent topic reported by Bernard et al., sodium dodecyl sulfate (SDS) was mixed with 
Mg(NO3)2 in aqueous solution to form tabular crystals and the foam was stabilized. They 
also showed the importance of surfactant crystals for foam stabilization by systematically 










1−2−4 Addition of Proteins and Polymers 
The control of foam properties has also been actively studied by the addition of 
proteins or synthetic polymers to aqueous surfactant solutions. There have been many 
reports on the improvement of foamability and foam stability by the addition of proteins 
or synthetic polymers [18−25]. The foam property improvement is based on various 
factors such as surface viscoelasticity improvement and suppression of drainage in 
lamella phase by surfactant−polymer interaction (electrostatic and hydrophobic 
interactions) (Figure 1.4). Koolivand−Salooki et al., reported the effect of 
polymer−surfactant interactions on foam properties by examining dynamic surface 
tension, surface viscoelasticity, and foam stability in the case of anionic polyelectrolyte 
polystyrene sulfonic acid and cationic surfactant cetyltrimethylammonium bromide [26]. 
 
 







1−2−5 Interfacial Dilational Viscoelasticity as a Key Factor of Foam Control 
As described in sections from 1−2−2 to 1−2−4, much research was conducted 
on foam control, focusing on the interaction of surfactants with another surfactants, metal 
salts, and polymers. In these reports, rheological properties such as surface elasticity and 
viscosity had a great influence on foam properties. The relationship between surface 
rheological properties and foam properties is explained by a phenomenon called the 
"Marangoni effect". The surface of the liquid film between bubbles is always slightly 
deformed by physical force and drainage due to gravity, etc. (Figure. 1.5) The surface 
deformation brings about the non−uniform orientation of adsorbed surfactant molecules, 
and a surface tension gradient is generated in a very small area of the surface. On the 
surface of the liquid film, the surfactants are diffused and adsorbed to redress the 
non−uniformity, and at the same time, the movement of water from the bulk phase occurs 
to resist the thinning of the foam film. As a result, the coalescence of bubbles is 
suppressed, and foam survives. The surface tension gradient associated with the 
Marangoni effect is defined as interfacial dilational viscoelasticity. It has been becoming 
clear in recent years that interfacial dilational viscoelasticity is the most important key 
factor in order to control foam properties precisely. In fact, much research on foam control 
focusing on interfacial dilational viscoelasticity has been actively conducted [27−34]. 
However, the relationship between molecular structure of surfactants and interfacial 
dilational viscoelasticity, and the effect of polymer addition at the very low concentration 





















Section 1−3: Evaluation Methods of Rheological and Foam 
Properties 
1−3−1 Overview 
The interfacial dilational viscoelasticity is evaluated by monitoring the surface 
tension change while applying expansion/compression to the area of the air−water 
interface with a sinusoidal period. The pendant drop method is known as a general method 
for evaluating the interfacial dilational viscoelasticity of surfactant aqueous solutions. In 
the pendant drop method, the surface area is arbitrarily changed by increasing or 
decreasing the volume of a droplet in air (or the volume of a bubble in the aqueous 
solution), and the change in the surface tension is measured at that time (Figure. 1.6). 
However, for the evaluation of interfacial dilational viscoelasticity of the surfactant 
aqueous solution, it is necessary to consider the molecular exchange of surfactants 
between the surface and bulk phases. 
 
 






On the other hand, foam properties are greatly influenced by a foaming method, 
and therefore it is necessary to select the evaluation method in consideration of the on−site 
environment where it is actually necessary to control foam properties. Various researchers 
have proposed many kinds of foam evaluation methods [15,16, 35−38]. In this study, the 
author adopted the Ross−Miles method [39], which is the most well−known method for 
characterization of foam properties in various industries, with a minor modification. This 
section describes the details of main analytical methods for evaluating foam properties 


















1−3−2 Wilhelmy Plate Method 
The equilibrium surface tension is assessed by using the Wilhelmy plate method. 
This is a classic method for static surface tension measurement. In this method, when the 
thin platinum plate is immersed in the liquid to be measured, the vertical force on the 
interface is directly observed by the connected balance (Figure 1.7). When the liquid 
surface is brought into contact with the plate, the surface tension γ is calculated from the 
force F measured by the balance in the following equation (1) 
 
γ = F / (R cosθ)  (1) 
 
where R is the perimeter of the plate and θ is the contact angle. 
 
 







1−3−3 Maximum Bubble Pressure Method 
The dynamic surface tension is measured by using the maximum bubble pressure 
method. This is the most commonly used method for analyzing the adsorption behavior 
at the surface in an extremely−short time scale (from several milliseconds to several 
seconds). A needle with an extremely small radius is put into the liquid to be measured, 
and air is blown into it (Figure 1.8). When the bubble is a hemisphere of radius r, the 
radius of curvature becomes minimal, and the pressure (Pmax) of bubble becomes maximal. 
The surface tension is calculated by the following equation (2). 
 
γ = r ΔPmax / 2 (2) 
 
This method provides the relationship between the surface tension and surface age by 
measurements while changing the air flow rate, and therefore it is used for dynamic 




Figure 1.8. Maximum bubble pressure method. 
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1−3−4 Pendant Drop Method 
The interfacial dilational viscoelasticity is measured by using the pendant drop 
method. The outline of the apparatus used in this method is shown in Figure 1.9. A 
U−shaped stainless−steel needle attached to an airtight syringe is immersed into a 
surfactant aqueous solution in a quartz glass cell. The syringe is driven by a proportional 
integral derivative controller, and a bubble is produced at the needle tip by sending a 
specified amount of air. The bubble produced at the needle tip in the quartz glass cell is 
captured by a charge coupled device (CCD) camera. The data is transferred to a computer, 
digitized, and analyzed by the Laplace equation using software. Surface tension is 
monitored after the formation of the bubble. At that time, the surface tension hardly 
changes with time. Interfacial dilational viscoelasticity is measured by sinusoidally 
oscillating 10% of the original bubble volume at each frequency after the change in 
surface tension becomes sufficiently small. Interfacial dilational viscoelasticity E is 
generally defined as the following equation (3) 
 
E = dγ / dlnA    (3) 
 
where γ is the surface tension and A is the surface area of the bubble. Furthermore, E can 
be also expressed as a complex number E* having real and imaginary components as 
shown in the following equation (4) 
 
E* = |E| cos θ + i |E| sin θ  (4) 
 
where θ is the phase angle. The real part of the equation (4) is considered as the storage 
energy of the surface and it is called storage modulus E’, which is defined as the following 
15 
equation (5). The imaginary part corresponds to energy loss in the surface relaxation 
process and it is called loss modulus E”, which is defined as the following equation (6).  
 
E’ = |E| cos θ   (5) 
E” = |E| sin θ   (6) 
 
 








1−3−5 Langmuir−Blodgett Method 
When amphiphilic molecules such as a surfactant are spread on the air−water 
surface, they form a monolayer. Surface pressure π is generally used as a physical 
parameter for evaluating a monolayer, and it is defined by the following equation (7) 
 
π = γ0 – γ  (7) 
 
where γ0 is the surface tension of water surface without a monolayer and γ is the surface 
tension of water surface with a monolayer. The surface pressure (π) is measured by using 
a Langmuir−Blodgett (LB) trough equipped with a Wilhelmy plate. In the LB method, a 
monolayer is prepared by spreading a water−insoluble solvent dissolving surfactants on 
the water surface. The surface pressure (π) −area (A) isotherm is obtained by measuring 
the surface pressure with a pressure meter installed in the center of trough while changing 
the surface area by moving the surface barrier at a constant speed (Figure 1.10). The state 
of the monolayer is estimated from the shape of the π−A isotherm. Therefore, it has been 
generally used as an effective method for analyzing the adsorption state on the surface for 



















1−3−6 Brewster Angle Microscopy (BAM) 
 BAM is based on the change in refractive index at the air−water interface. When 
p−polarized laser beam is incident on the air−water interface at Brewster angle, it is not 
reflected. If there are aggregates on the surface, the Brewster angle changes due to the 
change in the refractive index, and a part of the p−polarized laser is reflected (Figure 1.11). 
By detecting this reflected ray with a CCD camera, it is possible to directly observe the 
micron−sized structure on the air−water surface without external probes such as 
fluorescent substances [38]. During the recording of π−A isotherms, the surface is 
simultaneously observed by using BAM mounted on a trough. The p−polarized light is 
irradiated from a light source at the Brewster angle (= 53.2°), and reflected light is 
detected with a CCD camera connected to a microscope. 
 
 










1−3−7 Modified Ross−Miles Method 
The Ross−Miles method evaluating foam properties is the most known method 
proposed by Ross and Miles in 1941 [39]. This has been used as a general foam property 
evaluation method including the Japanese Industrial Standard (JIS) [40]. At first, the foam 
height is measured immediately after a 200 mL of the test solution is naturally dropped 
from a 90 cm height onto a 50 mL of the same solution and then the foam height is 
measured after 5 min. This method provides highly reproducible data because the 
dimensions of the equipment used are defined in detail. However, this method requires a 
large amount of the test solution and a large size of the instrument.  
In this study, the author proposes the modified Ross−Miles method to overcome 
the above−mentioned drawbacks. The outline and photograph of the apparatus used for 
evaluation of foam property are shown in Figure 1.12 and Figure 1.13, respectively. A 10 
mL of surfactant aqueous solution is placed in a graduated cylinder with a diameter of 2.8 
cm, and a 40 mL of surfactant aqueous solution is dropped from a glass device installed 
at a height of 30 cm from the liquid surface. The foam volume immediately after the 
addition of the surfactant aqueous solution is taken as the initial foam volume, and the 
foam volume is measured with time (Figure 1.14). During the measurement, the 
temperature is kept at the constant temperature (25 °C) by circulation water running in a 
two−layered tubular container. The foam volume rate is calculated by the following 
equation (8) 
 
Foam volume rate / % = 100 ( Vt / Vo )  (8) 
 














Figure 1.14. Foam volume change of surfactant aqueous solution against time course. 
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Section 1−4: Purpose of This Study 
In this thesis, sulfonate type anionic surfactants commonly used in many 
industries were focused for foam control because of their excellent properties such as 
emulsification, dispersibility, temperature insensitivity, and more. As described in the 
section 1−2−5, the relationship between molecular structure of surfactants and interfacial 
dilational viscoelasticity has not been fully understood yet. As the first step of this study, 
the effects of hydrophobic structures on interfacial dilational viscoelasticity and foam 
properties were systematically investigated in the single sulfonate type anionic surfactant 
aqueous solution. While the effect of hydrophilic structures has been often reported, there 
are surprisingly few reports on the effect of hydrophobic structure on foam properties. 
In many industries where surfactants are used, several surfactants are mixed and 
used in many cases in order to obtain ideal foam characteristics such as emulsification 
and dispersion. Therefore, it is very important to collect knowledge about foam properties 
in mixed surfactant systems. Most of the previously−reported papers have focused on 
foam control by mixing surfactants having different type of charge. However, the 
application range of this method is very limited from the viewpoint of their low solubility. 
On the other hand, the advantage of mixing similar surfactants is that it does not induce 
a dramatic change such as aggregation, and thus they can be used in any mixing ratio. 
Therefore, as the second step of this study, interfacial dilational viscoelasticity and foam 
properties were examined in the mixed system of surfactants having the same type of 
charge. 
As described in the section 1−2−4, the surfactant−polymer interaction 
contributes to the foam stabilization. In most of such studies, polymers were added to 
surfactant aqueous solutions at the relatively−high concentration where they could solely 
affect the air−water interface. From the viewpoints of economy and environment, a very 
23 
small amount of polymer addition is desirable for foam control. As the third step of this 
study, the effect of very low concentration of nonionic polymers on interfacial dilational 
viscoelasticity and foam properties of anionic surfactant aqueous solutions was evaluated. 
By collecting these findings, the author aims to develop a simpler and more general 





















Section 1−5: Composition of This Thesis 
 This thesis is constructed for the purpose described in the section 1−4. The 
influence of alkyl chain structures in sulfonate type anionic surfactants on their 
rheological and foam properties were investigated in this study. In this thesis, sodium 
alkylsulfates (ASs) with one linear carbon chain and sodium 
bis(2−ethylhexyl)sulfosuccinate (AOT) with two branched carbon chains were selected 
among commonly used sulfate ester and sulfonate type anionic surfactants. By comparing 
the measurement results of ASs and AOT, the effect of alkyl chain structures was 
discussed in detail. 
 
In Chapter 1, as general information, factors affecting foam properties and 
general techniques for foam control were described for the understanding of this research. 
Furthermore, analytical methods and theories for evaluating air−water interfacial 
dilational viscoelasticity and foam properties, which are the main focus of this research, 
were explained in detail.  
 
In Chapter 2, rheological and foam properties of the single aqueous solutions of 
ASs and AOT were reported. Here, the influence of carbon number in ASs with one linear 
carbon chains on their rheological properties was investigated. As a control, AOT with 
two branched carbon chains was also investigated. Dilational viscoelasticity at the 
air−water interface, dynamic surface tension, and foam property were quantitatively 
evaluated in the single aqueous solutions of ASs with different hydrocarbon chains and 
the relationship was systematically discussed. 
 
In Chapter 3, rheological properties of mixed aqueous solutions of ASs and AOT 
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and their foam properties were reported. Air−water interfacial dilational viscoelasticity 
and foam properties were investigated in the mixed anionic surfactant aqueous solutions 
of AOT, sodium n−dodecylsulfate (C12AS), sodium n−tetradecylsulfate (C14AS), and 
sodium n−hexadecylsulfate (C16AS) and the relationship between foam stability and the 
maximum value of viscoelastic modulus was examined.  
 
Chapter 4 focuses on the foam stabilization based on polymer−surfactant 
interactions. Here, to better understand the control of interfacial dilational rheological 
properties and foam properties with the addition of polymer, the effect of very low 
concentrations of polypropylene glycol (PPG) on rheological and foam properties of AOT 
aqueous solution was investigated. Here, the concentration of PPG was set up for PPG 
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Chapter 2: Relationship between Air−Water Interfacial 
Dilational Viscoelasticity and Foam Property in Single 
Aqueous Solutions of Linear Sodium Alkylsulfates (ASs) with 
Different Carbon Numbers 
 
 Section 2−1: Introduction 
Surfactants have been used for a long time in various industrial fields such as 
detergents and food processing, taking advantage of the effects of emulsification, 
dispersion, and solubilization. However, controls of their foam properties have often been 
a big problem [1,2]. For example, when they are used as detergents in a washing machine 
and an automatic dishwasher, it is preferable for surfactants to have low foamability in 
order to avoid mechanical troubles. On the other hand, many household detergents, 
including manual dishwashing detergents, are generally required to have high foamability.  
Foam is an assembly of thermodynamically unstable bubbles, which are 
stabilized by adsorption of surfactants [3]. Namely, because the air−water interface of 
bubbles is an adsorption film of surfactants, understanding of the kinetics of interfacial 
adsorption leads to the whole control of foam property. In reality, foam properties such as 
foamability and stability are deeply related to the interfacial rheological behavior. From 
this point of view, rheological properties at the air−water interface in aqueous solutions 
of surfactants [4−13], amphiphilic polymers [14−18], and proteins [19,20] have been 
actively researched so far. However, the relationship between molecular structures of 
surfactants and dilational viscoelasticity at the air−water interface is not fully discussed 
yet. Therefore, such study is highly desired to precisely control the foam property.  
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The rheological properties at the air−water interface have been evaluated mainly 
by moving the barrier on the surface of the Langmuir trough [21]. The oscillation bubble 
method, which uses an air bubble ejected from a needle tip in a surfactant aqueous 
solution, is also known as another technique to determine interfacial parameters by the 
fitting of the bubble shape coordinates to the Laplace equation [22,23]. The periodic shape 
change of the bubble at a constant surface area with time allows the evaluation of kinetics 
of adsorption films at the air−liquid interface. The oscillation bubble method can be 
applied for the evaluation not only on the water surface but also under the water by 
changing the direction of the needle tip, unlike the Langmuir trough method. Therefore, 
this method provides interfacial parameters in various specific environments such as the 
air−water and oil−water interfaces under the water. 
Although the oscillation bubble method is very useful in this way, it has been 
rarely used for the basic study on the effect of molecular structures on interfacial dilational 
viscoelasticity. Based on these backgrounds, in this chapter, the influence of linear alkyl 
chain structures in sodium alkylsulfates (ASs) on dilational viscoelasticity at the 
air−water interface was systematically investigated with the oscillation bubble method. 
Regarding the effect of alkyl chain structures on interfacial rheological properties, there 
are a few reports on polyoxyethylene alkyl ether carboxylates and N−acyltaurate.[4,5] 
However, such study on ASs with straight alkyl chains has been rarely carried out as far 
as the author knows although they are the most common anionic surfactants and are often 
used to form an O/W microemulsion [24,25]. The molecular structures of the surfactants 
used in this study are shown in Figure 2.1. For comparison, sodium 
bis(2−ethylhexyl)sulfosuccinate (AOT) and sodium 2−ethylhexyl sulfate (EHAS) were 
also examined. In contrast, AOT containing a sulfosuccinate group and two branched 
hydrocarbon chains is widely used as a surfactant to form a W/O microemulsion [26,27]. 
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Figure 2.1. Molecular structures of sulfate ester and sulfonate type anionic surfactants 
used in this chapter. 
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 Section 2−2: Results and Discussion 
2−2−1 Relationship between Surfactant Concentration and Dilational 
Viscoelasticity 
 First of all, the effect of the surfactant concentration on dilational viscoelasticity 
at the air−water interface was investigated. The result is shown in Figure 2.2. In all the 
cases, Interfacial dilational viscoelastic moduli (E) showed the maximum value at a 
certain concentration. The similar phenomena have been reported in other studies [4−13]. 
This is explained by van den Tempel and Lucassen model [28]. At first, E increased with 
the increase of the surfactant concentration. This is because the increase of the surfactant 
concentration leads to a higher interfacial tension gradient of the interface deform. At a 
certain concentration, E began to decrease with the increase of the surfactant 
concentration. This is because the molecular exchange frequency between the bulk 
solution and the surface layer increases with the increase of the surfactant concentration. 









Figure 2.2. Air−water interfacial dilational viscoelasticity of C8AS(▼), C12AS(■), 
C14AS(▲), C16AS(●), EHAS(▽), and AOT(◆) in water as a function of surfactant 
concentration at the frequency of 0.025 Hz at 25 °C. 
 
 Among the surfactants used here, C16AS showed the largest maximum E 
value. Then, E was high in order of C14AS, C12AS, AOT, C8AS, and EHAS. As for 
ASs with straight alkyl chains (C8AS, C12AS, C14AS, and C16AS), AS with the 
longer alkyl chain showed the maximum E value at the lower concentration. The 
critical micelle concentration (cmc) decreases with the increase of length of the alkyl 
chain (Table 2.1), demonstrating that the adsorption of linear AS with the longer 
alkyl chain to the surface layer is saturated at the lower concentration. In addition, 
the maximum value of E (Emax) was larger in the case of linear AS with the longer 
alkyl chain. This is because the surface tension gradient increases due to the increase 
of the hydrophobic interaction between surfactants. As for ASs with the same carbon 
number in the alkyl chain (C8AS and EHAS), Emax of EHAS was much smaller than 
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that of C8AS. Also, although AOT and C16AS have the same total number of carbon 
atoms in the hydrophobic group, AOT having two branched alkyl chains showed Emax 
at the lower concentration, and its Emax was smaller than C16AS. This fact indicates 
that the packing property of AOT is lower than that of C16AS in the interface 
adsorption film based on the lowering of hydrophobic interaction between surfactants. 
In addition, the molecular area occupied by AOT is larger than that of C16AS (Table 
2.1), resulting in a significant decrease in the surface concentration. For these reasons, 
the surface dilational viscoelastic moduli of surfactants with branched alkyl chains 
decreased compared with those of surfactants with straight alkyl chains. 
 
Table 2.1. The cmc, surface tension of cmc (γcmc) and molecular area occupied (Am) of 
surfactant aqueous solutions at 25 °C.  
 cmc / mM γcmc / mN m−1 Am / Å2 
AOT 2.8 28.4 82.43 
C12AS 7.6 36.9 46.24 
C14AS 1.7 34.0 47.16 
C16AS 0.5※ n.d. 68.20 
※cmc of C16AS was referred to the reference 32. 
 
 The change in viscoelastic modulus based on the change of oscillation 
frequency reflects the characteristics of the interfacial adsorption film [31,32]. 
Therefore, the viscoelastic modulus was measured at the different frequencies in the 
range of 0.025−0.50 Hz (Figure 2.3), and the slopes of log E vs log ω at the 
concentration showing Emax were shown in Table 2.2. In all the surfactants used here, 
the frequency dependence of the viscoelastic modulus was confirmed. At the low 
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frequencies, the surfactants are allowed to diffuse from the surface layer to the bulk 
solution and vice versa. The diffusion reduces the interfacial tension gradient and the 
viscoelastic modulus. At the high frequencies, because the surfactants cannot diffuse 
completely, the viscoelastic modulus increases. Namely, as the frequency increases, 
the viscoelastic modulus at the air−water interface gradually increases. Among the 
surfactants used, AOT with branched alkyl chains showed the largest frequency 
dependence. This result shows that the interfacial relaxation process is notably 
controlled by the diffusion of surfactants in the case of AOT. 
 
 
Figure 2.3. Double−logarithmic plots of E and ω in 1.0 mM C8AS (▼), 6.0 × 10−1 mM 
C12AS (■), 2.0 × 10−1 mM C14AS (▲), 2.0 × 10−2 mM C16AS (●), 1.0 mM EHAS (▽), 






Table 2.2. Slope of log E vs log ω of surfactant aqueous solutions at 25 °C. 
 Concentration / M 
Slope of 
log E vs log ω 
C8AS 1.0 × 10−3 0.18 
C12AS 6.0 × 10−4 0.057 
C14AS 2.0 × 10−4 0.072 
C16AS 2.0 × 10−5 0.062 
EHAS 1.0 × 10−3 −0.023 


















2−2−2 Dynamic Surface Tension 
 The dynamic surface tensions were measured at the surfactant concentration 
above the cmc in the surface age of 10−15 000 ms (Figure 2.4). Among the surfactants 
used, AOT showed the lowest dynamic surface tension and it reached the minimum value 
in a short surface age. On the other hand, dynamic surface tensions of ASs with straight 
alkyl chains gradually decreased and they finally got to the same value. The required 
surface age got longer with the increase of the carbon number in the hydrophobic group. 
Table 2.3 shows n, t*, and the maximum surface tension reduction rate in each 
surfactant aqueous solution. The t* represents the diffusion process of the surfactant from 
the bulk solution to the subsurface in the initial stages of the adsorption. The n is a 
constant related to the structure of the surfactant, and represents the adsorption process 
of the surfactant from subsurface to the surface. As for ASs with straight alkyl chains, n 
and t* increased with the increase of the carbon number in the hydrophobic group.  This 
is because the molecular size increases with the increase of the carbon number, as a result 
the diffusion rate becomes slow. On the other hand, AOT with branched alkyl chains 
showed the minimum t* value and the maximum surface tension reduction rate among 
the surfactants used. This result indicates that the relaxation of AOT is much faster than 
those of ASs with straight alkyl chains because surfactants with branched alkyl chains 




Figure 2.4. Dynamic surface tension at 25 °C in 10 mM C12AS (■), 10 mM C14AS (▲), 
10 mM AOT (◆), and 1 mM C16AS (●) aqueous solutions. 
 
Table 2.3. Dynamic surface tension parameters of surfactant aqueous solutions at 25 °C.  
Concentration 
/ mM 
t* / s n 
(dγt / dt)max 
/ mN m−1s−1 
AOT 10 3.82 × 10−4 0.47 1.40 × 104 
C12AS 10 1.47 × 10−3 0.44 2.58 × 103 
C14AS 10 2.02 × 10−2 0.58 2.44 × 102 









2−2−3 Foam Property 
 In the Ross−Miles method, foaming is considered as a dynamic phenomenon 
involving rapid entrainment of air during the fall of liquid, and many researchers have 
evaluated the initial foam height as a parameter of foamability [7,33]. Furthermore, the 
overall stability of the foam can be evaluated by the foam height change against time 
course [5,34]. In this study, the foam properties of aqueous solutions of linear ASs and 
AOT were evaluated at the surfactant concentrations above the cmc by the modified 
Ross−Miles method. Figure 2.5 shows the change of the foam volume of surfactant 
aqueous solutions against time course at 25 °C. The initial foam volume was the largest 
in the case of AOT, and ASs were in the order of C14AS, C12AS, and C16AS. The foam 
volumes of C16AS and C14AS were almost constant during the measurements, whereas 
the foam volumes of C12AS and AOT aqueous solutions gradually decreased with time. 
From these results, the author can say that AOT has both high foamability and low foam 
stability. The high foamability of AOT can be explained by the high maximum surface 
tension reduction rate. In other words, the surface tension decreases sharply during the 
fall of liquid, and as a result a sufficient volume of foam forms at the initial stage. The 
low foam stability of AOT is due to the decrease in the air−water interfacial dilational 
viscoelasticity based on the relaxation of the surface tension gradient. Namely, the rapid 
diffusion of AOT from the bulk solution to the surface layer causes quick defoaming. 
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Figure 2.5. Change of foam volume as a function of time at 25 °C using 10 mM C12AS 
















2−2−4 Relationship between Dynamic Surface Tension and Foamability 
 Foaming process includes the reduction of the surface energy by the adsorption 
of surfactants to the newly generated air−water interface. For this reason, the maximum 
surface tension reduction rate in the initial stage of the surface age is related to foamability. 
Many studies have been conducted on the relationship between foaming property and 
dynamic surface tension in aqueous surfactant solutions [33,35]. Figure 2.6 shows the 
relationship between the initial foam volume and the maximum surface tension reduction 
rate measured in this study. The larger the surface tension reduction rate was, the larger 
the initial foam volume was. This result suggests that the maximum surface tension 
reduction rate is correlated with foamability in ASs with straight carbon chains and AOT. 
As a result, foamability was improved by the fast adsorption of surfactants to the newly 
generated air−water interface. However, in this measurement system, defoaming also 
starts immediately after foaming. Therefore, foamability of C12AS and AOT may be 














Figure 2.6. Initial foam volume as a function of the maximum surface tension reduction 















2−2−5 Relationship between Air−Water Interfacial Dilational Viscoelasticity and 
Foam Stability 
 As reported, the defoaming involves drainage, coalescence and then many 
complicated processes that occur at the same time. Some of them are closely related to 
the air−water interfacial dilational viscoelasticity [35−39]. In general, high foam stability 
at the air−water interface is more advantageous for the control of drainage, the 
maintenance of film thickness, and the suppress of bubble coalescence. The relationship 
between Emax and the foam volume rate at 5 min and 30 min in the cases using 10 mM 
C12AS, 10 mM C14AS, 10 mM AOT, and 1 mM C16AS aqueous solutions is shown in 
Figure 2.7. The larger Emax was, the larger the foam volume rate was. These results clearly 
indicate that Emax is correlated with foam stability in ASs with straight carbon chains and 
AOT. The improvement of foam stability with the increase of dilational viscoelasticity is 













Figure 2.7. Foam volume rate as a function of Emax at 0.025 Hz at 25 °C in the cases using 













Section 2−3: Experiments 
2−3−1 Materials 
Sodium n−octylsulfate (C8AS), sodium n−dodecylsulfate (C12AS), and sodium 
n−tetradecylsulfate (C14AS) purchased from Kanto Chemical. Sodium 
n−hexadecylsulfate (C16AS) and sodium 2−ethylhexylsulfate (EHAS) were obtained 
from FUJIFILM Wako Pure Chemical. AOT was obtained from Tokyo Chemical Industry. 
Distilled water was obtained from FUJIFILM Wako Pure Chemical. All the surfactants 
were used without further purification and were dissolved to a certain concentration with 
distilled water. 
 
2−3−2 Determination of Dynamic Surface Tension 
Dynamic surface tension was measured using a bubble pressure dynamic surface 
tensiometer (BP 100, Krüss, Germany). Details of the measurement principle were 
explained in the section 1−3−3. Surface ages of bubbles were measured in the range of 
10−15 000 ms at 25 °C. Here, 10 mM C12AS, 10 mM C14AS, 10 mM AOT, and 1 mM 
C16AS aqueous solutions were used. The maximum surface tension reduction rate was 
calculated based on the following equation (9) [28,29] 
 
(dγt / dt) max ＝ n ( γ0 − γm) ∕ 4t*   (9) 
 
where γt is the surface tension at the surface age t, γ0 is the surface tension of pure water 
(72.1 mN m−1), γm is the meso−equilibrium surface tension, t* is the time at which γt is 
the intermediate value between γ0 and γm, n is a constant. Then, t* and n can be obtained 
from the slope and intercept of the plot of the equation (10) based on the experimental 
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data of dynamic surface tension. 
log [(γ0 − γt) / (γt − γm)] = n log t – n log t*  (10) 
 
2−3−3 Determination of Dilational Viscoelasticity at the Air−Water Interface 
Dilational viscoelasticity at the air−water interface was measured by the 
oscillation bubble method using a pendant drop type of dynamic surface tension meter 
(Tracker, Teclis Co., France) based on the method described in the section 1−3−4. The 
experimental parameters used in this study are summarized in Table 2.4. In the present 
study, E, which equals storage modulus (E’) plus loss modulus (E”), was used as a 
representative value of dilational viscoelasticity because the contribution of E” was very 
small compared to E’. The average values of E are plotted in the graph and the error bars 
show the standard deviation of E. 
 
Table 2.4. Experimental parameters for measurements of air−water interfacial 
viscoelasticity. 
Drop status Rising 
Drop Air−bubble 
Bulk Surfactant aqueous solutions 
Initial volume of drop / μL 3.5 
Sinusoidal profile  
 Amplitude / μL 0.35 
 Period / s 2 − 40 
 Active cycles 2 
 Blank cycles 2 
Temperature / °C 25 
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2−3−4 Modified Ross−Miles Method 
Foam properties were evaluated by a modified Ross−Miles method based on the 
method described in the section 1−3−7. Here, 10 mM C12AS, 10 mM C14AS, 10 mM 
AOT, and 1 mM C16AS aqueous solution were used. The average values of three 





















Section 2−4: Summary 
Alkyl chain structures in ASs largely affected the dynamic surface tension and 
the dilational viscoelasticity at the air−water interface. Specifically, linear AS with the 
longer alkyl chain showed the maximum value of interfacial dilational viscoelasticity at 
the lower concentration and the maximum value was larger. In addition, the dynamic 
surface tension and the maximum value of interfacial dilational elasticity were correlated 
with foamability and foam stability, respectively. Very interestingly, the interfacial 
dilational viscoelasticity (foam property) of AOT significantly deviated from the general 
tendency observed in a series of ASs with straight carbon chains. In other words, AOT 
has both the foamability similar to C16AS and the foam stability similar to C12AS. In 
consideration of the results obtained in this study, there is a possibility that the foam 
property of ASs with straight carbon chains could be effectively controlled by the addition 
of AOT. The air−water interfacial rheological and foam properties of mixed aqueous 
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Chapter 3: Relationship between Air−Water Interfacial 
Dilational Viscoelasticity and Foam Property in Mixed 
Aqueous Solutions of Linear Sodium Alkylsulfates and Sodium 
Bis(2−ethylhexyl)sulfosuccinate (AOT) 
 
 Section 3−1: Introduction 
Foam is used not only in daily necessities such as cosmetics and detergents, but 
also in many industries such as paper manufacturing and food processing due to its 
characteristics of large surface area and excellent fluidity [1]. Normally, the performance 
such as detergency based on foam increases with the increase of its volume. On the other 
hand, when foam generates more than necessary, problems often occur. For example, 
rinse efficiency decreases during cleaning. Therefore, acquiring a deep understanding of 
foam properties such as foamability and stability and controlling its characteristics by a 
reproducible method are essential [2−4]. However, since foam is thermodynamically 
unstable and in a state of non−equilibrium, it has been very difficult to achieve those 
outcomes. In addition, in most industries, several types of surfactants are mixed to get the 
required performance. This fact also makes foam control more difficult. Thus, the control 
of foam properties in mixed surfactant systems has been a major subject of research for 
many years, attracting the interest of researchers [5,6]. 
As shown by many studies, foam properties are complicatedly related to multiple 
dynamic factors such as dynamic surface tension and rheological properties of foam film 
(viscosity of lamella phase, viscoelasticity of interface, etc.) [7−17]. As a general method 
for controlling foam properties of surfactant aqueous solutions, the use of additives such 
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as particles and electrolytes has been proposed so far. For example, when SiO2 particles 
are added into surfactant aqueous solutions, a dense layer of SiO2 particles forms at the 
air−water interface. The protection of surface disproportionation by the SiO2 layer makes 
foam more stable [18−21]. Zhang et al. showed that when sodium n−dodecylsulfate was 
precipitated by the addition of potassium chloride during the foaming process, the 
precipitate adsorbed to the surface prevented coalescence of bubbles and reduced 
drainage by blocking the channels in the membrane [22]. Proteins (such as bovine serum 
albumin) and synthetic polymers (such as polyvinylpyrrolidone) are also effective as an 
additive. The surfactant−polymer interaction enhances the surface activity and the 
interfacial viscoelasticity, and as a result stabilizes foam [23−28]. Furthermore, more than 
two types of surfactants having different types of charge (such as amphoteric and anionic 
surfactants) have been mixed and used for the foam stabilization [29−33]. On the other 
hand, there are few reports on the mixed system of surfactants having the same type of 
charge in a hydrophilic group. The advantage of mixing similar surfactants is that it does 
not induce a dramatic change such as aggregation, and thus they can be used in any mixing 
ratio. Mixing of the same type of surfactants is more suitable than mixing of different 
types of surfactants for fine control of foam properties. Although many studies have 
systematically demonstrated the relationship between molecular structure and interfacial 
rheology with regard to the same type of surfactants, the results have been limited in 
single surfactant aqueous solutions [17,34,35]. Practically, several similar surfactants are 
mixed in order to obtain the required performance. Therefore, it is very important to 
predict foam properties in the mixing of same−type surfactants. Based on these 
backgrounds, the author proposes a general method for controlling foam properties by 
mixing surfactants having the same type of charge. In the Chapter 2, the author reported 
the relationship between the air−water interfacial dilational viscoelasticity and foam 
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properties in aqueous solutions of anionic surfactants such as AOT and linear AS. The 
rheological properties of AOT aqueous solutions differed significantly from the trends 
observed in the linear ASs series although they have a sulfate group in a hydrophilic group. 
These facts motivated the author to control foam properties of linear ASs by mixing with 
AOT. In this chapter, focusing on the specific rheological properties of AOT, the author 
investigated the air−water interfacial viscoelasticity and foam properties of mixed anionic 
surfactant aqueous solutions of AOT and linear ASs with different carbon numbers. The 
molecular structures of anionic surfactants used here are shown in Figure 3.1. Here, the 
author discusses the relationship between the interfacial viscoelasticity and foam 


















Figure 3.1. Molecular structures of sulfate ester and sulfonate type anionic surfactants 









 Section 3−2: Results and Discussion 
3−2−1 Effect of Oscillation Frequency on E 
According to the van den Tempel and Lucassen model [36], the increase in the 
surfactant concentration affects the viscoelastic modulus at the air−water interface, 
depending on the surfactant concentration range. In the low surfactant concentration 
range, the viscoelastic modulus increases with the increase in surfactant molecules at the 
air−water interface. In the high surfactant concentration range, viscoelastic modulus 
decreases based on the diffusion of surfactant molecules between surface and bulk phases. 
At the high surfactant concentration, the oscillation frequency (ω) plays a dominant role 
in determining E. The low ω provides sufficient time for interfacial tension gradient 
relaxation by molecular exchange and as a result E decreases. On the other hand, at the 
high ω, the time for interfacial tension gradient relaxation by molecular exchange is 
insufficient and the decrease in E is suppressed. Therefore, the investigation of frequency 
dependence of viscoelastic modulus leads to valuable information on relaxation of the 
surface tension gradient based on the diffusion of surfactant molecules. 
Figure 3.2 shows the plots of E against the surfactant concentration at the ω of 
0.025−0.50 Hz. Here, the author focused on AOT and C16AS. Although AOT and C16AS 
have the same total number of carbon atoms in a hydrophobic group, AOT has two 
branched alkyl chains, unlike C16AS. In AOT single aqueous solutions (Figure 3.2a), E 
was hardly affected by the change of ω in the low concentration range. When the 
concentration increased beyond the maximum value of E (Emax), E increased with the 
increase of oscillation frequency. Similarly, C16AS increased with the increase of 
oscillation frequency in the high concentration range exceeding Emax (Figure 3.2d).  
In C16AS single aqueous solutions, the variation of E based on the change of 
oscillation frequency was smaller than that in AOT aqueous solutions. (For example, the 
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differences of Emax at low and high oscillation frequencies were about 16 mN m−1 for 
AOT and about 10 mN m−1 for C16AS.) The difference of Emax at low and high oscillation 
frequencies of AOT was larger than that of all linear ASs used in this chapter. Table 3.1 
shows the slopes obtained from plots of log E vs log ω (Figure 3.3). It was confirmed 
from Table 3.1 that the slopes in AOT single aqueous solutions are significantly larger 
than those in all linear AS single aqueous solutions. This fast relaxation of the surface 
tension gradient is attributable to the rapid exchange of AOT molecules between surface 






















Figure 3.2. Plots of E against surfactant concentration in (a) AOT, (b) C12AS, (c) C14AS, 







Figure 3.3. Double−logarithmic plots of E and ω in (a) AOT, (b) C12AS, (c) C14AS, and 





Table 3.1. Slopes of log E vs log ω in AOT and AS single aqueous solutions at 25 °C. 
 Concentration / M 
Slope of 
 log E vs log ω 
AOT 5 × 10−7 0.10 
 5 × 10−6 0.18 
 5 × 10−5 0.13 
 5 × 10−4 0.32 
C12AS 2 × 10−5 −0.018 
 1 × 10−4 0.007 
 6 × 10−4 0.057 
 2 × 10−3 0.097 
C14AS 1 × 10−4 0.053 
 2 × 10−4 0.072 
 1 × 10−3 0.11 
 1.5 × 10−3 0.081 
C16AS 2 × 10−6 0.048 
 1 × 10−5 0.052 
 2 × 10−5 0.062 








3−2−2 Dilational Viscoelasticity in Mixed Aqueous Solutions of AOT and AS 
Next, air−water interfacial dilational viscoelasticity was investigated in mixed 
aqueous solutions of AOT and AS. In all experiments of the present study, two surfactants 
were mixed in an aqueous solution at a molar ratio of 1:1. Figures 3.4a, 3.4c, and 3.4e 
indicate the plots of E against the total surfactant concentration. In Figure 3.4a and 3.4c, 
dilational viscoelasticity in the AOT/C12AS and AOT/C14AS mixed aqueous solutions 
was shown in addition to that in the respective single aqueous solutions. The AOT/C12AS 
and AOT/C14AS mixed aqueous solutions showed Emax at slightly higher concentrations 
than the single AOT aqueous solution, and values of Emax were very similar to those in 
the single AOT aqueous solution. Figure 3.4b and 3.4d indicates the plots of E against the 
constituent concentration of AOT in mixed aqueous solutions and the AOT single aqueous 
solutions. Remarkably, the three plots almost overlapped. This result shows that values 
of E in the AOT/C12AS and AOT/C14AS mixed aqueous solutions are determined by the 
constituent concentration of AOT in mixed aqueous solutions. The C16AS/C12AS and 
C16AS/C14AS mixed aqueous solutions were also investigated for comparison. Unlike 
the AOT/C12AS and AOT/C14AS mixed aqueous solutions, the peaks of E broadened in 
the high concentration range (Figure 3.5a and 3.5c). When E was plotted against the 
constituent concentration of C16AS, the three plots did not overlap (Figure 3.5b and 3.5d). 
In Figure 3.4e, the profile of E against the total surfactant concentration in the 
AOT/C16AS mixed aqueous solution differed from those in the AOT/C12AS and 
AOT/C14AS mixed aqueous solutions. The concentration showing Emax was very similar 
to that in the single C16AS aqueous solution (Figure 3.4f). Also, the value of Emax in the 
AOT/C16AS mixed aqueous solution was intermediate between those in the respective 
single aqueous solutions. 
These effects of AOT on air−water interfacial dilational viscoelasticity in mixed 
63 
aqueous solutions of AOT and AS can be explained by the following two facts regarding 
AOT. First, AOT having two branched alkyl chains shows Emax at the lower concentration 
because this molecule occupies a large molecular area at the surface. Second, as 
confirmed in the previous section, the relaxation of the surface tension gradient is very 
fast in the range above the concentration showing Emax. In the AOT/C12AS and 
AOT/C14AS mixed aqueous solutions, below the concentration showing Emax of AOT, E 
originated from ASs is very low because the concentrations showing Emax of ASs are 
much higher. Therefore, the value of E in the low concentration range increased with the 
increase of the constituent concentration of AOT in the mixed aqueous solutions. When 
the AOT concentration exceeded the concentration showing Emax, the value of E began to 




















Figure 3.4. Air−water interfacial dilational viscoelasticity of single aqueous solutions and 
mixed aqueous solutions with a mixing ratio of 1:1 as a function of (a), (c), (e) total 















Figure 3.5. Air−water interfacial dilational viscoelasticity of single aqueous solutions and 
mixed aqueous solutions with a mixing ratio of 1:1 as a function of (a) (c) total surfactant 
concentration and (b) (d) C16AS concentration at 25 °C. 
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3−2−3 Foam Properties 
The foam properties of C12AS, C16AS, and AOT aqueous solutions and their 
mixed aqueous solutions were evaluated. Various methods have long been devised for the 
evaluation of foam characteristics of surfactant solutions [37−40]. In this study, the foam 
properties were evaluated by the Ross−Miles method [6], which was generally practiced 
by many researchers, with minor modification. 
Figure 3.6 shows the foam volume change of 1 mM (total concentration) 
surfactant aqueous solutions against time course at 25°C. In the single AOT aqueous 
solution, the foam volume gradually decreased with time after the foaming. On the other 
hand, the foam volume sharply decreased immediately after the foaming in the single 
C12AS aqueous solution. When C12AS was mixed with AOT, the foam properties were 
almost the same as that of the single AOT aqueous solution (Figure 3.6a). This result is 
in good agreement with that of dilational viscoelasticity in the AOT/C12AS mixed 
aqueous solution. The profile with the slight decrease in foam volume in the 
C16AS/C12AS and C16AS/C14AS mixed aqueous solutions were not completely 
consistent with that with almost no decrease in the single C16AS aqueous solution. At 15 
min, the decrease in foam volume stopped in the C16AS/C12AS mixed aqueous solution 
(Figure 3.6b). In the C16AS/C14AS mixed aqueous solution, foam remained stable for 
15 min and then began to gradually decrease. (Figure 3.6e) In contrast, when C16AS and 
C14AS were mixed with AOT, the foam volume continued to gradually decrease during 
the measurement (Figures 3.6c and 3.6d). Ultimately, the foam properties of the mixed 
aqueous solutions were based on the viscoelastic properties at the air−water interface 





Figure 3.6. Foam volume change of 1 mM single aqueous solutions and mixed aqueous 
solutions with a mixing ratio of 1:1 of (a) AOT/C12AS, (b) C16AS/C12AS, (c) 













3−2−4 Relationship between Foam Stability and Emax 
Foam stability is complicatedly related to various phenomena such as drainage 
in the lamella, coalescence by the destruction of the adsorption film, Ostwald ripening, 
and more. As a general tendency of foam in surfactant single aqueous solutions, as the 
viscoelasticity at the air−water interface increases, the foam stability becomes higher due 
to the effect of suppressing drainage and coalescence [41]. Figure 3.7 shows the 
relationship between the foam volume ratio at 30 min to the initial value and Emax. In the 
single C16AS aqueous solution showing the highest Emax, the largest foam volume ratio 
was observed. When C16AS was mixed with AOT, Emax declined with foam stability. In 
the AOT/C12AS mixed aqueous solution showing Emax which is close to that in the single 
AOT aqueous solution, the foam stability was also almost the same as that in the single 
AOT aqueous solution. In the mixed aqueous solutions of AOT and AS, it was confirmed 
that the larger the Emax, the higher the foam stability. This result demonstrates that 
interfacial viscoelasticity is one of the important factors determining the foam stability 
and that AOT contributes to the foam destabilization. Figure 3.8 shows a schematic 
diagram of the foam destabilization induced by AOT in the AOT/C16AS mixed aqueous 
solution. In the aging process of foam such as drainage, the surface tension gradient 
generates in some small areas at the air−water interface. When the surface tension 
gradient generates, surfactant molecules spread from the low to the high surface tension 
area. As surfactant molecules move, water molecules also move inside the foam film. This 
movement prevents the thinning of the foam film and contributes to the foam stabilization. 
This phenomenon is called the Marangoni effect and it is related to the viscoelasticity at 
the air−water interface [42−45]. When the surface tension gradient generates in the 
AOT/C16AS mixed aqueous solution, AOT quickly adsorbs to the high surface tension 
area based on its fast relaxation. As the ratio of AOT increases at the air−water interface, 
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the Marangoni effect of C16AS with high viscoelasticity is weakened. As a result, foam 




Figure 3.7. Foam volume rate of single aqueous solutions and mixed aqueous solutions 










Figure 3.8. Schematic diagram of foam destabilization induced by AOT in AOT/C16AS 







Section 3−3: Experiments 
3−3−1 Materials 
Sodium n−dodecylsulfate (C12AS) and sodium n−tetradecylsulfate (C14AS) 
were purchased from Kanto Chemical. AOT was obtained from Tokyo Chemical Industry. 
Sodium n−hexadecylsulfate (C16AS) and distilled water were purchased from FUJIFILM 
Wako Pure Chemical. All the surfactants were used without further purification and were 
dissolved to a certain concentration with distilled water. 
 
3−3−2 Determination of Dilational Viscoelasticity at the Air−Water Interface 
Dilational viscoelasticity at the air−water interface was measured by the 
oscillation bubble method using a pendant drop type of dynamic surface tension meter 
(Tracker, Teclis Co., France) based on the method described in the section 1−3−4. The 
experimental parameters used in this study are summarized in Table 3.2. In the present 
study, E, which equals storage modulus (E’) plus loss modulus (E”), was used as a 
representative value of dilational viscoelasticity because the contribution of E” was very 
small compared to E’. The average values of E are plotted in the graph and the error bars 










Table 3.2. Experimental parameters for measurements of air−water interfacial 
viscoelasticity. 
Drop status Rising 
Drop Air−bubble 
Bulk Surfactant aqueous solutions 
Initial volume of drop / μL 3.5 
Sinusoidal profile  
 Amplitude / μL 0.35 
 Period / s 2 − 40 
 Active cycles 2 
 Blank cycles 2 
Temperature / °C 25 
 
3−3−3 Modified Ross−Miles Method 
Foam properties were evaluated by a modified Ross−Miles method based on the 
method described in the section 1−3−7. Here, 1 mM single and mixed surfactant aqueous 
solutions were used. The average values of three measurements are plotted in the graph 








Section 3−4: Summary 
In conclusion, the air−water interfacial dilational viscoelasticity in the mixed 
anionic surfactant aqueous solutions of AOT and ASs with straight hydrocarbon chains is 
controlled by the "concentration showing Emax" and "surface tension gradient relaxation 
rate" in the respective single aqueous solutions. Based on the two facts regarding the AOT 
single aqueous solution that the concentration showing Emax is lower than all ASs and that 
the relaxation rate of the surface tension gradient is faster than all ASs, the values of E in 
the AOT/C12AS and AOT/C14AS mixed aqueous solutions were completely dependent 
on the constituent concentration of AOT in mixed aqueous solutions. On the other hand, 
the values of E were not dependent on the constituent concentration of AOT in the 
AOT/C16AS mixed aqueous solution because the concentration showing Emax of C16AS 
is comparatively close to that of AOT. The high E value of the C16AS aqueous solution 
was decreased by mixing with AOT, which induced the foam destabilization based on the 
fast relaxation of the surface tension gradient of AOT. 
The results suggest that mixing with AOT is effective for controlling the foam 
properties in linear AS aqueous solutions. The effect of AOT on air−water interfacial 
rheological properties would be widely applicable to the mixed system of other types of 
anionic surfactants. The author expects the finding obtained in this study to be utilized 
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Chapter 4: Effects of Polypropylene Glycol (PPG) at Very 
Low Concentrations on Rheological Properties at the 
Air−Water Interface and Foam Stability of Sodium 
Bis(2−ethylhexyl)sulfosuccinate Aqueous Solutions 
 
 Section 4−1: Introduction 
Because of their solubilization, emulsification, dispersion, and foaming 
properties, surfactants are currently used in various industrial fields, such as household 
detergents, food processing, paints, floating oil recovery, and concrete admixtures. 
However, difficulties are associated with controlling the surface−active properties of 
surfactants for practical use in these industries [1−3]. Stable foams are important in the 
areas of detergents and floating oil recovery and require a large amount of surfactant, 
which increases the burden on the environment because the majority of surfactants 
currently on the market are made of petroleum and generally have poor biodegradability. 
Although the consumption of surfactants needs to be reduced in an attempt to protect 
ecosystems, decreases in surfactant concentrations have a direct impact on foam stability. 
Therefore, approaches to achieve high performance with small quantities of surfactant, 
including the introduction of additives into surfactant solutions to enhance surface−active 
properties, have been investigated [4−7]. In many cases, additives are proteins and 
synthetic polymers, such as bovine serum albumin and polyvinylpyrrolidone, respectively 
[8−13]. Electrostatic and hydrophobic interactions between surfactants and additives 
have been shown to improve interfacial rheological properties, thereby enhancing foam 
stability. From the viewpoint of environmental impact, green surfactants and green 
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polymers have also been attracting attention in recent years [14].  
Foaming, a typical effect associated with the use of surfactants, has long been 
the focus of research [15,16]. Foam is thermodynamically unstable, and foaming and 
foam stability are affected by a number of rheological properties, such as dynamic surface 
tension (DST), the viscosity of the lamellar phase, and viscoelasticity on the adsorption 
film of a surfactant [17−26]. Therefore, a more detailed understanding of these 
rheological properties will facilitate the control of foam properties. Polymers have been 
introduced into surfactant aqueous solutions to control foam properties; however, the 
interactions between polymers and surfactants in bulk solutions have been the main focus 
of research [27−31]. The surface dynamics and foam properties of polymer−surfactant 
mixtures have been attracting interest [32−37]. Petkova et al. examined the influence of 
cationic and nonionic polymers (polyvinylamine and polyvinylformamide) on the foam  
and reported the effects of a polymer on the adsorption film of the surfactant surface [38]. 
Although the addition of polymers has a significant impact on the foam stability of 
surfactant aqueous solutions, their roles at the surface currently remain unclear. 
On the basis of these findings and with the aim of developing general foam stabilization 
technology, the author has been attempting to elucidate the mechanisms underlying the 
stabilization of foam with the addition of polymers by examining rheological properties 
at the surface. In this chapter, the author investigated the effects of a very low 
concentration of polypropylene glycol (PPG) on the rheological behaviors of sodium 
bis(2−ethylhexyl)sulfosuccinate (AOT) aqueous solution at the surface and the control of 
foam stability. The compounds used in this study are shown in Figure 4.1. The polymer 
PPG was selected for introduction into surfactant solutions based on the relationships 
reported between foaming properties, foam stability, and rheological properties of 
membranes in PPG aqueous solution [39,40]. The concentration of PPG used in this study 
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was markedly lower than that reported previously; therefore, PPG itself did not exhibit 
surface−active properties. Furthermore, the author already clarified the specific foam 
properties of AOT in water in the Chapter 2; foamability was very high in AOT aqueous 
solution, whereas foam stability was very low. In the Chapter 3, it was also shown that 
AOT has a great influence on foam stability when mixed with linear ASs. Therefore, the 
application of AOT may be expanded by improving its foam stability in aqueous solution. 
In this chapter, the surface properties (such as interfacial dilational rheology) of AOT 
aqueous solutions with and without PPG were assessed by using Brewster angle 
microscopy (BAM), which is an attractive and effective technique for directly observing 
the membranes of amphiphilic molecules formed at the surface. In contrast to other 
methods, such as fluorescence microscopy, the introduction of probe molecules is not 
required for BAM [41]. Here, the author examined the relationship between the interfacial 
rheological properties and foam properties of AOT aqueous solutions with or without 






























 Section 4−2: Results and Discussion 
4−2−1 Surface Pressure of AOT Monolayer on the Surface of PPG Aqueous 
Solutions 
 Because surfactants that spread on the surfaces of aqueous solutions finally 
orient such that hydrophobic groups face the air, their adsorption and organization states 
at the surface can be evaluated by measuring surface pressure (π) – area (A) isotherms 
[13]. Figure 4.2 shows the π−A isotherms of the AOT monolayer that spread on the 
surfaces of aqueous solutions with or without PPG. Before compression, π of the AOT 
monolayer that spread on the surface of pure water was ∼2 mN m−1. When compression 
started, π markedly increased at ∼1.5 Å2 of the molecular occupation area. The molecular 
occupation area of AOT on the surface of pure water was previously shown to be ∼80 Å2 
by using the neutron reflection method [42,43], and surface tension isotherms in Chapter 
2. However, the molecular occupation areas observed with this rapid increase in π in this 
study were markedly smaller. Therefore, the majority of AOT molecules that spread on 
the air−water surface appeared to quickly diffuse into the bulk phase. Caetanoa et al.[44] 
also described a similar phenomenon of the AOT monolayer. 
The AOT monolayer on the surface of PPG aqueous solutions showed a higher 
surface pressure before compression, indicating an increase in AOT molecules at the 
surface. The increase in π at the initial stage was still observed at very low concentrations 
of PPG (<10−6 wt %). Table 4.1 shows equilibrium surface tension (γeq) of PPG aqueous 
solutions without AOT. At these concentrations, PPG did not lower surface tension. 
Figure 4.3 shows the π−A isotherms of PPG aqueous solutions without AOT. When AOT 
did not exist at the surface, π did not markedly change at very low concentrations of PPG. 
Therefore, the present results indicate that PPG, even at a very low concentration, 
interacted with AOT, thereby increasing the number of AOT molecules at the surface. The 
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surface pressure of the AOT monolayers was increased by the presence of 1 × 10−11 wt % 
PPG in the subphase, and the π−A curves were very similar to each other until the PPG 
concentration increased to 1 × 10−6 wt %. When the PPG concentration was increased to 
1 × 10−5 wt % or higher, the π−A isotherm clearly changed and resembled the profile of 1 
× 10−4 wt % PPG aqueous solution without AOT. These results suggest that the majority 
of the interface was covered with PPG at 1 × 10−4 wt % PPG aqueous solution. 
 
Table 4.1. Equilibrium surface tensions of PPG aqueous solutions at 25 °C. 
  Concentration / wt% γeq / mN m−1 
PPG 1×10−4 53.8  
 1×10−5 71.0  
 1×10−6 72.1  
 1×10−7 71.3  
 1×10−8 71.0  







Figure 4.2. π−A isotherms of AOT monolayer on the surface of aqueous solutions in the 




Figure 4.3. π–A isotherms of PPG aqueous solutions without AOT at 25 °C. 
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4−2−2 BAM Observations of AOT Monolayer on the Surface of PPG Aqueous 
Solutions 
 Slight changes may be observed at the surface by using BAM [45,46]. The 
reflectance of the p−polarized laser beam incident at the surface is zero at the Brewster 
angle. The presence of the condensed phase on the surface may induce changes in the 
refractive index of the interface, resulting in reflection of the p−polarized laser beam. By 
detecting this reflected light with a CCD camera, one can analyze the adsorption state of 
molecules at the surface. Figure 4.4 shows BAM images of the AOT monolayer on the 
surface of aqueous solutions with and without PPG at each concentration. Although BAM 
image contrast was not observed at the initial state of the AOT monolayer on the surface 
of pure water, spherical domains were detected after compression (Figure 4.4a). These 
domains appeared to be insoluble AOT (or AOT−PPG complexes) aggregates generated 
by compression [44]. In contrast, spherical domains were observed before compression 
in 1 × 10−8 and 1 × 10−7 wt % PPG aqueous solutions (Figures 4.4b and 4.4c). This result 
demonstrated that AOT aggregates were formed with the aid of PPG before compression. 
After compression, the number of domains increased, and the surface state markedly 
differed from that in pure water. Although spherical domains were detected in the 1× 10−4 
wt % PPG aqueous solution before compression, their number did not increase with 
compression (Figure 4.4d). Changes after the start of compression were similar to that in 
the 1 × 10−4 wt % PPG aqueous solution without AOT (Figure 4.4e). In the 1 × 10−4 wt % 
PPG aqueous solution with AOT, AOT aggregates appeared to be generated at the surface 
before compression and gradually diffused into the bulk phase during the compression 
process. These results indicate that PPG was dominant at the surface of the 1 × 10−4 wt % 
PPG aqueous solution with AOT. The results are consistent with the conclusion derived 
from π−A curves. 
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Figure 4.4. BAM images for AOT spread on the surface of aqueous solutions in the (a) 
absence and presence of PPG at (b) 1 × 10−8 wt%, (c) 1 × 10−7 wt%, and (d) 1 × 10−4 wt% 
at each area per molecule. (e) BAM images for the air−water interface of 1 × 10−4 wt% 







4−2−3 Surface Dilational Viscoelasticity in Mixed Aqueous Solutions of AOT and 
PPG 
 A pendant−type DST meter was used to monitor surface tension. When 
sufficiently small changes were observed in surface tension over time, equilibrium was 
considered to have been reached, and thus, the surface dilational viscoelasticity was 
measured. In contrast to the Langmuir trough method, the pendant−type DST meter can 
be applied to evaluations on the surface as well as under water simply by changing the 
needle tip direction. Therefore, surface dilational viscoelasticity was subsequently 
examined by the DST meter in mixed aqueous solutions of AOT and PPG.  
Figure 4.5 shows changes in E at different AOT concentrations in aqueous 
solutions with and without PPG. The AOT aqueous solution without PPG showed the 
maximum value of E (Emax) at ∼0.01 mM, which was markedly smaller than the cmc (∼
3 mM) of AOT aqueous solution [35]. This result may be explained by the van den Tempel 
and Lucassen model for diffusional relaxation [47]. In AOT solutions containing 1 × 10−9 
and 1 × 10−7 wt % PPG, E began to increase at an AOT concentration lower than that in 
the AOT solution without PPG. Therefore, the number of AOT molecules on the surface 
increased at higher concentrations of PPG, which resulted in a greater surface tension 
gradient (Δγ) of the surface deform. The E began to decrease at a specific concentration 
due to Δγ relaxation based on the exchange of AOT molecules between the surface and 
bulk phase. The E slightly decreased beyond the maximum in the presence of PPG, 
resulting in a broad E peak. This interface may be covered with the coadsorption of PPG 
and AOT around Emax. In the concentration range beyond Emax, AOT molecules may be 
pulled into the bulk phase by PPG, which suppresses interfacial tension relaxation by the 
diffusion of AOT molecules between the surface and bulk phase [9]. This phenomenon 
decreased Δγ relaxation because of the adsorption and desorption of AOT molecules, and 
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as a result, the viscoelasticity increased with the concentration of AOT. In the AOT 
solution containing 1 × 10−4 wt % PPG, E was ∼25 mN m−1 at a low AOT concentration 
and was similar among a wide range of concentrations. Because E was ∼25 mN m−1 in 
the 1 × 10−4 wt % PPG aqueous solution without AOT (Figure 4.6), the surface dilational 
viscoelasticity of the AOT aqueous solution containing 1 × 10−4 wt % PPG appeared to 
be strongly affected by the properties of PPG.  
Figure 4.7 and Table 4.2 show the relationship between E and oscillation 
frequency (ω) at an AOT concentration of 0.01 mM and the slope of log E vs log ω, 
respectively. At low ω, E decreased because sufficient time was available for Δγ 
relaxation. On the other hand, E increased at high ω. Therefore, the higher the relaxation 
rate of Δγ, the larger the slope. This assumption was confirmed by the slope in the AOT 
aqueous solution with PPG being smaller than that in the AOT aqueous solution without 
PPG (Table 4.2). This result also suggests that the suppression of Δγ relaxation originated 














Figure 4.5. Air−water interfacial dilational viscoelasticity of AOT aqueous solutions in 
the absence (◇) and presence of PPG at 1 × 10−9 wt%(▲), 1 × 10−7 wt%, (■), and 1 × 
10−4 wt% (◆) as a function of AOT concentration at the frequency of 0.10 Hz at 25 °C. 
 
 
Figure 4.6. Air−water interfacial dilational viscoelasticity of PPG aqueous solutions 
without AOT at the frequency of 0.10 Hz at 25 °C. 
91 
 
Figure 4.7. Interfacial dilational viscoelasticity of 0.01 mM AOT aqueous solutions in 
the absence (◇) and presence of PPG at 1 × 10−9 wt% (▲), 1 × 10−7 wt% (■), and 1 × 
10−4 wt% (◆) as a function of frequency at 25 °C. 
 
 
Table 4.2. Slope of log E vs log ω of AOT aqueous solutions in the absence and presence 
of PPG at 25 °C. 
AOT concentration 
 / M 
PPG concentration 
 / wt% 
Slope of 
log E vs log ω 
1.0 ×10−5 0 0.20 
1.0 ×10−5 1.0 × 10−9 0.09 
1.0 ×10−5 1.0 × 10−7 0.13 






4−2−4 Equilibrium Surface Tension in Mixed Aqueous Solutions of AOT and PPG 
The surface tension at equilibrium was simultaneously measured when surface 
dilational viscoelasticity was recorded. Figure 4.8 shows changes in surface tension 
against the logarithm of AOT concentrations in aqueous solutions with and without PPG. 
At low concentrations of AOT (from a to b), the surface tension was lower with than 
without PPG. Moreover, when the concentration of AOT increased (from b to c), each 
plot gradually approached and finally overlapped at high concentrations of AOT (from c 
to d). Similar phenomena have been reported in different mixed systems of surfactants 
and polymers [9,48]. Based on the present results and previous findings, specific surface 
tension curves in the mixed system of AOT and PPG are explained by three stages (Figure 
4.9). 
In the first stage (from a to b), AOT molecules associate with PPG through 
hydrophobic interactions and are coadsorbed at the surface in the 10−9 and 10−7 wt % PPG 
aqueous solutions. The pores of the AOT adsorption film are covered with PPG molecules, 
which decreases γeq. On the other hand, the majority of the interface in the 10−4 wt % PPG 
aqueous solution is covered by PPG molecules. In this case, γeq is very similar to that in 
the 10−4 wt % PPG aqueous solution without AOT. In the second stage (from b to c), the 
number of AOT molecules at the surface also gradually increases at higher AOT 
concentrations. However, the transfer of some AOT molecules from the bulk phase to the 
surface is suppressed by complexation with PPG. This is supported by increases in surface 
dilational viscoelasticity due to the suppression of Δγ relaxation. Therefore, decreases in 
γeq of PPG aqueous solutions become slower than that of the aqueous solution without 
PPG. In the third stage (from c to d), the concentration of AOT is sufficiently high. At this 
stage, AOT and PPG are competitively adsorbed on the surface. Because the 
concentration of AOT is markedly higher than that of PPG, most of the interface is 
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covered with AOT molecules. 
 
 
Figure 4.8. Surface tension isotherms of AOT aqueous solutions in the absence (◇) and 

























4−2−5 Effects of PPG on Foam Properties of AOT Solutions 
 Foam is a thermodynamically unstable dispersion of bubbles, the stability of 
which is related to the viscoelastic behaviors of the surface. Therefore, the relationship 
between the surface viscoelasticity and foam properties in surfactant aqueous solutions 
has been examined [49−52]. The Ross−Miles method has mainly been used to assess 
foam properties [53,54]. In this method, foaming is dynamic because air is rapidly 
entrained by the natural fall of liquid. Furthermore, the initial foam height is related to 
DST [16]. Foam stability can also be assessed by measuring changes in foam height over 
time [15,55]. In this study, a modified Ross−Miles method was used to evaluate the foam 
stabilities of AOT aqueous solutions at 10 mM, which is a higher concentration than its 
cmc, with and without PPG (Figure 4.10). Decreases were observed in the foam volume 
of AOT aqueous solutions without PPG over time. A decrease of ∼50% was noted in foam 
volume after 10 min, and foam had completely disappeared after 30 min. On the other 
hand, this decrease over time was markedly suppressed in the presence of 1 × 10−9 wt % 
PPG. The foam volume was maintained with 1 × 10−4 wt % PPG; however, no foam was 
observed in 1 × 10−4 wt % PPG aqueous solution in the absence of AOT. This result was 
attributed to the suppression of Δγ relaxation by the addition of PPG. Foam stability is 
affected by multiple dynamic factors, such as the movement of liquid in the membrane 
(drainage), the formation of larger single bubbles by membrane damage (coalescence), 
and the gas transfer from small to large bubbles (Ostwald ripening). These phenomena 
depend on surface viscoelasticity in aqueous solution. The higher the surface dilational 
viscoelasticity, the more stable the foam [19]. Figure 4.11 shows a schematic illustration 
of foam stabilization by PPG in AOT aqueous solution. Because the concentration range 
of AOT in this experiment was very high (from c to d in Figure 4.8), foam stabilization 
by the addition of PPG is explained by an increase in surface dilational viscoelasticity 
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based on the diffusion of AOT molecules suppressed by PPG molecules into the bulk 
phase. Furthermore, at a high concentration (1 × 10−4 wt %) of PPG, PPG molecules were 
coadsorbed on the AOT film, which may have induced further increases in surface 
dilational viscoelasticity. The results of this study showed that the very low concentration 
of PPG significantly affected air−water interfacial rheological properties and increased 
foam stability in a mixed aqueous solution of AOT and PPG. This phenomenon is 
consistent with that observed in the experiments using AOT monolayers prepared with 
the Langmuir trough. Therefore, the stabilization of the AOT adsorption film contributes 
to foam stabilization in the entire solution. 
 
 
Figure 4.10. Change of foam volume in 10 mM aqueous solutions of AOT in the absence 
(◇) and presence of PPG at 1 × 10−9 wt% (▲), and 1 × 10−4 wt % (◆) as a function of 




















Section 4−3: Experiments 
 
4−3−1 Materials 
AOT (> 95.0%) was obtained from Tokyo Chemical Industry. PPG (diol type, 
hydroxyl value = 110, average molecular weight = 1000 g mol−1) was purchased from 
FUJIFILM Wako Pure Chemical. Distilled water was purchased from FUJIFILM Wako 
Pure Chemical. All chemicals were used without further purification and were diluted to 
specific concentrations with distilled water. 
 
4−3−2 Equilibrium Surface Tension 
The equilibrium surface tension (γeq) of PPG aqueous solutions was assessed by 
using a surface tension meter (K100, Krüss, Germany) at 25 °C. See the details of 
experimental procedures described in the section 1−3−2. PPG aqueous solution was 
diluted stepwise with distilled water, and the temperature was adjusted to 25 °C before 
measurements. To ensure an equilibrium value, measurements were continued until the 
standard deviation of surface tension for 30 min was ± 0.1 mN m−1 or less. 
 
4−3−3 Surface Pressure 
The surface pressure (π) was measured by using a Langmuir−Blodgett (LB) 
trough (length 580 mm and width 145 mm) equipped with a Wilhelmy plate accessory 
(KSV NIMA Large, Biolin Scientific, Sweden). After the trough had been filled with 
distilled water or PPG solution, 50 μL of 100 mM AOT n−hexane solution was spread on 
the surface of the aqueous solution by using a gastight syringe. The trough was left to 
stand for 60 min for the complete evaporation of n−hexane. The barriers were then moved 
at a speed of 10 mm min−1 to compress the surface layer. Using the Wilhelmy method 
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with a platinum Wilhelmy plate, the author measured π. The temperature was maintained 
at 25 °C during measurements. 
 
4−3−4 BAM 
During the recording of π−A isotherms, the surface was simultaneously observed 
by using a KSV NIMA BAM (Biolin Scientific, Sweden) mounted on a trough. See the 
details of experimental procedures described in the section 1−3−6. 
  
4−3−4 Dilational Viscoelasticity at the Surface 
Dilational viscoelasticity at the air−water interface was measured by the 
oscillation bubble method using a pendant drop type of dynamic surface tension meter 
(Tracker, Teclis Co., France) based on the method described in the section 1−3−4. The 
experimental parameters used in this study are summarized in Table 4.3. In the present 
study, E, which equals storage modulus (E’) plus loss modulus (E”), was used as a 
representative value of dilational viscoelasticity because the contribution of E” was very 
small compared to E’. The average values of E are plotted in the graph and the error bars 











Table 4.3. Experimental parameters for measurements of air−water interfacial 
viscoelasticity. 
Drop status Rising 
Drop Air−bubble 
Bulk Surfactant aqueous solutions 
Initial volume of drop / μL 3.5 
Sinusoidal profile  
 Amplitude / μL 0.35 
 Period / s 2 − 40 
 Active cycles 2 
 Blank cycles 2 
Temperature / °C 25 
 
4−3−5 Modified Ross−Miles Method 
Foam properties were evaluated by a modified Ross−Miles method based on the 
method described in the section 1−3−7. Here, 10 mM AOT aqueous solutions with or 
without PPG were used. The average values of three measurements are plotted in the 








Section 4−4: Summary 
 The very low concentration of PPG markedly affected air−water interfacial 
rheological properties and contributed to foam stabilization in the entire solution. Foam 
stabilization was mainly attributed to two factors. One factor is an increase in surface 
coverage by the coadsorption of PPG and AOT. When the concentration of AOT is low, 
the coadsorption of PPG decreases γeq and increases E by covering the pores of the AOT 
adsorption film. This is confirmed by the increased π of the AOT monolayer and domain 
formation observed by using BAM. The other factor is the suppression of the Δγ 
relaxation by the interaction between PPG and AOT in the bulk phase. High surface 
dilational viscoelasticity was maintained at the different concentrations of AOT due to 
this phenomenon. Increases in surface dilational viscoelasticity result in foam 
stabilization. The author believes that the present results would be applied to various 
combinations of surfactants and polymers, and the precise control of their foam properties 
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In this thesis, the author developed novel methods for foam control of sulfonate 
type anionic surfactant aqueous solutions, focusing on their air−water interfacial 
properties. For that reason, the effects of the hydrophobic structure in sulfonate type 
anionic surfactants on the air−water interfacial rheological properties and foam properties 
were investigated. Furthermore, the addition effect of nonionic polymer at a very low 
concentration on the air−water interfacial rheological and foam properties of sulfonate 
type anionic surfactant aqueous solutions was investigated. 
In Chapter 1, the general foam control techniques and evaluation methods of 
rheological and foam properties were described. From these findings, the author 
concludes that a better understanding of interfacial rheological properties leads to the 
precise control of foam properties. 
In Chapter 2, the rheological and foam properties were investigated in single 
aqueous solutions of ASs and AOT. As the number of carbon atoms in the hydrophobic 
group of ASs increased, the concentration showing Emax decreased and the Emax increased. 
On the other hand, the results of single AOT aqueous solutions were significantly 
different from the general trends observed for single AS aqueous solutions. Specifically, 
although the AOT aqueous solution showed Emax at a lower concentration than the C16AS 
aqueous solution, Emax of the AOT aqueous solution was clearly low. The dynamic surface 
tension and foamability were highly correlated with each other. Similarly, Emax and foam 
stability were closely related with each other. 
In Chapter 3, the interfacial rheological and foam properties were investigated in 
mixed aqueous solutions of ASs and AOT. The air−water interfacial dilational 
viscoelasticity of these mixed aqueous solutions were determined by the “concentration 
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showing Emax” and the “surface tension gradient relaxation rate” in the respective single 
aqueous solutions. The addition of AOT had a great influence on the interfacial 
rheological and foam properties of the AS aqueous solutions, based on AOT showing Emax 
at the very low concentration and its fast relaxation of surface tension gradient. Therefore, 
in the mixed aqueous solutions of C12AS (or C14AS) and AOT, the foam properties were 
completely dependent on the constituent concentration of AOT in the mixed aqueous 
solutions. The essentially−stable foam of the C16AS aqueous solutions was effectively 
destabilized by mixing with AOT. 
In Chapter 4, the addition effect of PPG at a very low concentration to the AOT 
solutions were investigated. The very low concentration of PPG significantly affected the 
air−water interfacial rheological properties of the AOT solutions and contributed to their 
foam stabilization. The change in air−water interfacial rheological properties of the AOT 
aqueous solutions by the addition of PPG was mainly due to the following two factors. 
One factor is the increased surface coverage at the low AOT concentrations based on the 
co−adsorption of AOT with PPG. The other factor is the suppression of the interfacial 
tension gradient relaxation due to the AOT−PPG interaction in the bulk phase. As both of 
the two factors increased the interfacial viscoelasticity, the essentially−unstable foam of 
the AOT aqueous solutions was stabilized by the addition of PPG. 
In summary, this study showed that the mixing with AOT was effective in 
controlling the foam properties of AS aqueous solutions. Furthermore, the addition of 
PPG at a very low concentration stabilized the foam of the AOT aqueous solutions. These 
phenomena are based on the changes in the air−water interfacial rheological properties. 





Foam is a familiar phenomenon for all people, and its unique physical properties 
have been used for enhancing the quality of people's lives since ancient times. Although 
foam control has been investigated by a lot of researchers for many years, the complete 
control has not been attained yet. 
In this study, the author focused on the air−water interfacial rheological property, 
which was one of several factors that influenced foam properties. The effect of alkyl chain 
structure in ASs on the air−water interfacial rheology was systematically investigated, 
which demonstrated that the air−water interfacial rheological property closely related to 
the foam stability. As far as the author knows, the relationship between the molecular 
structure of ASs and air−water interfacial rheology became clear for the first time. The 
findings obtained in this study would help the workers in the industry using foam to select 
the proper anionic surfactant. Also, the air−water interfacial rheological behavior of AOT 
confirmed here was very interesting and noteworthy. 
On the other hand, the author knows that the series of findings on ASs and AOT 
presented in this thesis are not sufficient to completely control foam of all the anionic 
surfactant systems. But the knowledge obtained here will partly contribute to foam 
control in the mixed surfactant aqueous solution because the author could suggest that the 
air−water interfacial rheological properties in the mixed surfactant aqueous solution is 
determined by the following two factors: the “concentration showing Emax” and “surface 
tension gradient relaxation rate” in the respective single aqueous solutions. The air−water 
interfacial rheological and foam properties in the mixed surfactant aqueous solution may 
be predicted by paying attention to the above−mentioned two factors. In this regard, AOT 
showing the specific air−water interfacial rheological behavior plays an important role 
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for foam control.  
It is also important to consider that the addition of PPG at a very low 
concentration had a great effect on the air−water interfacial rheological properties of the 
AOT aqueous solution. The addition effect of PPG was due to the hydrophobic interaction 
between AOT and PPG. Therefore, the author expects that another nonionic polymer is 
also useful for the foam stabilization of sulfonate type anionic surfactants. 
If the foam control method suggested in this thesis is well established, various 
advantages such as improved production efficiency and cost reduction would be brought 
in all the industries that use surfactants. The author believes that further systematic 
collection of the knowledge on the air−water interfacial rheological properties of 
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